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Summary
Objective: Mechanical indentation and ultrasound (US) indentation instruments have been introduced for quantitative assessment of cartilage
properties in vivo. In this study, we compared capabilities of these instruments to determine properties of healthy and spontaneously degen-
erated human patellar cartilage in situ and to diagnose the early stages of osteoarthritis (OA).
Design: Six anatomical sites were localized from human patellae (N¼ 14). By determining the force by which the tissue resists constant
deformation (FIND), a mechanical indentation instrument was used to measure the compressive dynamic stiffness of cartilage. Further, the
dynamic modulus (EUS) and the US reﬂection coefﬁcient of cartilage surface (RUS) were measured with an US indentation instrument. For
reference, Young’s modulus and dynamic modulus were determined from cartilage disks using unconﬁned compression geometry. Proteogly-
can and collagen contents of samples were analyzed microscopically. The samples were divided into three categories (healthy, early degen-
eration, and advanced degeneration) based on the Osteoarthritis Research Society International (OARSI) OA-grading.
Results: Parameters RUS, EUS and FIND were signiﬁcantly associated with the histological, compositional and mechanical properties of
cartilage (jrj ¼ 0.28e0.72, n¼ 73e75, P< 0.05). Particularly, RUS was able to discern degeneration of the samples with high sensitivity
(0.77) and speciﬁcity (0.98). All parameters, except RUS, showed statistically signiﬁcant site-dependent variation in healthy cartilage.
Conclusions: US reﬂection measurement shows potential for diagnostics of early OA as no site-matched reference values are needed. In
addition, the high linear correlations between indentation and reference measurements suggest that these arthroscopic indentation instru-
ments can be used for quantitative evaluation of cartilage mechanical properties, e.g., after cartilage repair surgery.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Osteoarthritis (OA) is the most common degenerative dis-
ease of the joint. Disease process in OA is a continuum,
where cartilage changes are often suggested to begin
with depletion of matrix proteoglycans (PGs) from the
superﬁcial cartilage1,2. As the diminished swelling pressure
in cartilage reduces its compressive stiffness, the tissue
may fail to resist mechanical stresses during physical load-
ing. This can lead to disruption of the collagen network of
the tissue1. The capability of chondrocytes to produce new
functional cartilage matrix is limited and the regenerative ca-
pacity of adult articular cartilage is poor. After erosion, the
cartilage tissue has a very limited capacity to restore itself3.
However, it has been suggested that early degenerative
changes, i.e., superﬁcial PG depletion, may be reversible4,5.
Deterioration of the collagen network has been suggested to*Address correspondence and reprint requests to: Dr Panu
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796represent the limit where spontaneous regeneration can no
longer take place1. The endpoint of the OA process is ulti-
mately a total disruption of articular cartilage, exposing the
underlying subchondral bone6.
In clinical practice, diagnosis of OA is usually based on
patient’s symptoms and conventional radiographic imaging.
Radiographs make it possible to assess joint space narrow-
ing, which provides indirect information about the severe
loss or total absence of cartilage. Subchondral sclerosis
and formation of osteophytes, signs of late OA, can be de-
tected from X-ray images7. Thus, changes visible with this
method typically associate with late OA while early changes
cannot be detected. Cartilage lesions can be observed and
classiﬁed in arthroscopic examination, in which ﬁbrillation
and local loss of cartilage tissue can be detected8. Magnetic
resonance imaging (MRI) shows deterioration of cartilage at
earlier stage than conventional radiographs9, but validated
MRI classiﬁcation of OA does not yet exist. Total joint re-
placement surgery is often needed in the treatment of late
OA if conservative treatment does not provide satisfactory
results. However, OA should preferably be prevented by
intervention in the early disease stage. Currently, several
approaches aiming at arresting the OA process are being
Fig. 1. Measurement sites on the human patellar cartilage surface.
SM ¼ superomedial, SL ¼ superolateral, CM ¼ central medial,
CL¼ central lateral, IM¼ inferomedial, and IL¼ inferolateral. The
number of samples included in this study is denoted next to the
measurement site. Top value indicates the number of healthy sam-
ples. The middle value indicates number of samples in the group of
early degeneration and the lowest value presents the number of
samples in the group with advanced degeneration. Due to the
strong natural curvature of the patellar crest (i.e., at central patella),
samples were not prepared from this area.
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pharmacological intervention to stop or modify the OA pro-
cess is being conducted11 and some surgical procedures,
e.g., osteotomies of the knee, are in clinical practice, al-
though with contradictory results12. However, early detec-
tion of the degenerative process is crucial in the attempts
to prevent further cartilage degeneration by targeting novel
surgical procedures or medical intervention.
Our group has previously presented and validated an
arthroscopic indentation instrument that is capable of mea-
suring compressive stiffness of articular cartilage in vivo13.
Also, similar indentation instruments have been developed
elsewhere14,15. The studies with all these instruments
have been shown to be sensitive to detect superﬁcial
changes in articular cartilage during tissue degenera-
tion16,17. Mechanical indentation tool utilized in this study
consists of a handheld tool, equipped with a mechanical
indenter and an integrated force gage at the tip17. The force
by which the tissue resists the constant indentation is
a measure for cartilage stiffness. Later, this instrument
was equipped with a miniature ultrasound (US) transducer
integrated on the tip to enable US indentation measure-
ments18. With this modiﬁcation of the instrument, it is possi-
ble to measure stress, strain and original tissue thickness in
order to derive a realistic estimate of cartilage compressive
modulus. With the instrument, cartilage thickness, dynamic
modulus (EUS) and US reﬂection coefﬁcient of cartilage sur-
face (RUS) can be determined during short-term, clinically
applicable measurements18e20. These parameters are sen-
sitive indices to early cartilage degeneration. The compres-
sive stiffness of cartilage, measurable with this instrument,
has been shown to decrease in OA cartilage, reﬂecting
the decreased PG content and possible collagen disruption
in the tissue20. US reﬂection at cartilage surface has been
shown to be a sensitive and speciﬁc measure of the quality
of superﬁcial cartilage tissue21. Previous studies with the
US indentation instrument have been conducted using
bovine cartilage tissue18e20,22.
Earlier studies have shown that different cartilage
surfaces in healthy joints show signiﬁcant variation in their
mechanical properties23e25. It has also been reported that
site-dependent variation exists within one cartilage sur-
face26. Most earlier studies have been conducted using
animal cartilage, which limits exploitability of the results in
applications to human OA. However, cartilage stiffness
decreases systematically as cartilage integrity is impaired.
Yet, due to the site-dependent variation, accurate site-
matched reference values would be needed to assess
cartilage integrity with this approach. US reﬂection from en-
zymatically and spontaneously degenerated cartilage has
been shown to decrease18,27. As the method is based on
the measurement of US reﬂection from the very superﬁcial
layer of cartilage, it provides no direct information on deep
cartilage. So far it is not known whether US reﬂection, i.e.,
RUS shows site-dependent variation in healthy human
cartilage.
In the present study, for the ﬁrst time, the US indentation
technique was used to quantify the properties of healthy
and degenerated human articular cartilage. The aim of
this study was to investigate the potential of the US inden-
tation device to measure the compressive properties and
US reﬂection coefﬁcient of healthy and degenerated hu-
man articular cartilage and to compare how these parame-
ters relate to histological integrity and the reference
biomechanical and compositional properties. This study
also aimed to evaluate how the early degenerative
changes can be detected with this device. For comparison,the original mechanical indentation instrument was used in
parallel with the novel US indentation instrument. Further,
we investigated how the mechanical properties and com-
position of articular cartilage vary spatially within healthy
and spontaneously degenerated human patellar cartilage
surface.Materials and methods
For this study, 14 patellae from right knees of cadaveric human donors
(12 males and two females, age 55 18 years) were collected with a per-
mission from the National Agency for Medicolegal Affairs in Finland (per-
mission 1781/32/200/01). The patellae were detached from cadavers at
autopsy within 48 h post mortem and frozen for later use. Prior to the
measurements, the patellae were thawed overnight at 4C immersed in
phosphate buffered saline (PBS) containing inhibitors of proteolytic en-
zymes (5 mM ethylenediaminetetraacetic acid (EDTA) and 5 mM benza-
mide HCl). On medial and lateral facets of the patellar cartilage surface
six measurement sites were selected (Fig. 1). For accurate localization
of the measurement sites, a regular grid was sketched on cartilage by us-
ing a waterproof felt-tip marker. The measurement sites were located in
the intersections of the grid. The patellae were ﬁxed with a custom-built
clamp that enabled the samples to be immersed in PBS to simulate ar-
throscopic conditions. Subsequently, both mechanical and US indentation
devices were used to examine the cartilage samples from the selected
locations.ULTRASOUND INDENTATION MEASUREMENTSFirst, the US indentation device was used to record the US reﬂection co-
efﬁcient for articular surface, RUS
18 [Fig. 2(a)]. Brieﬂy described, the hand-
held device has an integrated force gage and a ﬂat miniature US
transducer (ø¼ 3 mm) that is used for measurement of US reﬂection as
well as for indenting cartilage. For each site, the US reﬂection measurement
was repeated three times and the ﬁnal site-matched RUS was determined as
an average value from these measurements. For measurement of cartilage
dynamic modulus, the US transducer was used to indent the cartilage18
[Fig. 2(b)]. The US transducer was placed on the measurement site and
a constant pre-stress of 140 kPa was applied to ensure proper contact for
determination of tissue thickness. Short-term sequences with 5% compres-
sions, as calculated from the thickness at contact point, were performed.
Cartilage thickness and deformation were determined from US signal re-
ﬂected from the cartilageebone interface using the time-of-ﬂight principle
a b c
Fig. 2. A schematic presentation of the measurement devices. (a) US reﬂection from cartilage surface is measured with the US indentation
device, equipped with an external sleeve, which enables the measurement at constant distance from cartilage surface. (b) US indentation is
carried out with the same instrument without the external sleeve and the miniature US transducer is used to compress cartilage. Strain can be
determined with the US echo from the cartilage-bone interface with time-of-ﬂight principle and the compressive force is measured with an in-
tegrated force gage. (c) In mechanical indentation, an arthroscopic indentation tool is used to press cartilage with a semi-spherical indenter
and a reference plate. The force by which the cartilage resists the indentation is calculated and is a measure of cartilage stiffness.
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(EUS) was determined using the recorded information as described earlier
18
as averaged value from two sets of compressions.MECHANICAL INDENTATION MEASUREMENTSAfter US indentation, mechanical indentation was conducted [Fig. 2(c)].
The indenter force, i.e., the force by which the tissue resists the constant in-
dentation, can be used to estimate the compressive stiffness of cartilage13.
The instrument used in this study has a small, semi-spherical indenter
(ø¼ 0.5 mm). Maximal indenter forces from two sets of compressions
were averaged to produce an index of cartilage stiffness (FIND) for each
sample.REFERENCE MEASUREMENTSBiomechanical measurements
After indentation measurements, cartilage was detached from the sub-
chondral bone with a biopsy punch (ø¼ 4 mm) and a razor blade. In 13 sam-
ples, due to the strong natural curvature of the patellar bone, the sample
could not be successfully prepared from the exact indentation site, but
from a location immediately adjacent to the original indentation site. The car-
tilage discs were frozen for later analysis and thawed at room temperature
for mechanical unconﬁned compression testing, which was conducted with
a high-resolution material testing device29. After a full contact was achieved
between the cartilage and compressing plates, a 10% pre-strain was applied.
After 60 min relaxation, a three-step stresserelaxation test was conducted
with 2% steps at 1 mm/s ramp velocity and 40 min relaxation after each
step. Young’s modulus (EEQ) was determined from the equilibrium response.
A dynamic test with a frequency of 1 Hz and 1% strain amplitude was per-
formed after the stresserelaxation test, and the dynamic modulus (EDYN)
was determined as the stress/strain ratio from peak-to-peak values30. After
these measurements, cartilage samples were ﬁxed in 10% formalin solution
and processed for microscopic analyses.
Microscopic analyses
For the evaluation of PG content, 3 mm microscopic sections were pre-
pared and stained with Safranin-O in standardized conditions. Safranin-O
is a stain that binds stoichiometrically to the PGs of the samples. The stain-
ing intensity of the microscopic sections could be determined with a digital
densitometer by quantifying optical density (OD) of the samples, an index
for a relative PG content31. OD measurement of the samples was conducted
as described earlier to obtain a measure for relative PG content32. Three mi-
croscopic sections from each sample were analyzed and the results were
averaged to minimize error due to possible variation in section thickness.
For the analysis of relative collagen content, unstained sections were
prepared for Fourier transform infrared imaging (FTIRI). This method mea-
sures infrared light absorption spatially within the sample. Different compo-
nents of biological samples show typical absorption characteristics that
can be used to detect and quantify the molecule of interest. Relative collagen
content was determined by measuring the integrated absorbance of amide I
peak33,34.To histologically determine the structural integrity of the samples, the
OARSI cartilage OA histopathology grading system with subgrades (OA
grade) was used6. Brieﬂy, this grading system evaluates the histological in-
tegrity of the cartilage surface to indicate the depth of the OA lesion. Three of
the authors judged the OA grade of the blind-coded samples. Due to isolation
of the cartilage from the subchondral bone, the histological sections included
no calciﬁed tissues. As it was impossible to detach cartilage layer from areas
of highly advanced OA, the samples within grades 0e4.5 (involving articular
cartilage changes only) could be categorized.STATISTICAL ANALYSISThe mixed linear models test35 was used to investigate the statistical sig-
niﬁcance of differences between different sample groups as well as to test
signiﬁcance of spatial variation in properties of healthy samples. This test al-
lows testing of samples with potential interrelations, i.e., possible depen-
dency between samples prepared from the same patella is taken into
account. For all correlations with OARSI OA grade, Spearman’s rho was
determined and for other correlation analyses, linear Pearson correlation
coefﬁcients were determined36. The limit for statistical signiﬁcance was set
at P< 0.05 unless otherwise indicated. For diagnostic purposes, the param-
eter values were screened with receiver operating characteristic (ROC)37
analysis to ﬁnd optimal cut-off value for diagnosing OA samples with this
parameter. A cut-off value with the maximal sum of sensitivity and speciﬁcity
was selected. Statistical analysis was conducted with SPSS statistical soft-
ware (releases 11.0.2 and 13.0.0, SPSS Inc, Chicago, IL, USA).Results
From the total number of 84 individual samples, the histo-
logical integrity and mechanical properties were success-
fully determined for 75 and 73 samples, respectively. In
several patellae, due to highly advanced OA, the cartilage
was absent in some of the selected sample locations, and
therefore these sites could not be included in the study. In
histological analysis, 35 samples were found to represent
healthy cartilage (OARSI grade 0), 18 samples showed early
degeneration (OARSI grades 1.0e1.5), and 22 samples indi-
cated advanced degeneration (OARSI grades 2.0). The
meanSD age of samples in healthy cartilage group was
45 13 years, while values for early degeneration and
advanced degeneration groups were 61 17 and 64 17,
respectively.
There was a statistically signiﬁcant site-dependent varia-
tion (P< 0.01, n¼ 35) among the healthy samples within
patellar surface in mechanical (FIND) and US indentation
(EUS) parameters, as well as in dynamic and Young’s
moduli and PG and collagen contents. There was no site-
dependent variation in RUS measurements within healthy
799Osteoarthritis and Cartilage Vol. 16, No. 7samples (P¼ 0.61, n¼ 35). The site-dependent variation in
mechanical and compositional properties in healthy and de-
generated cartilage is illustrated in Fig. 3. The ﬁgure has
been constructed by averaging the measured properties
from each location and by interpolating the values between
the actual measurement locations with cubic interpolation
(MatLab, version 6.5.1, The MathWorks Inc., Natick, MA,
USA). Figure 3 demonstrates that the values of mechanical
and compositional properties of healthy cartilage at speciﬁc
sites overlapped with those of degenerated samples at ad-
jacent sites, i.e., degenerated samples could display similar
or even better characteristics at one site, as compared to
the healthy samples from another site. It can also be seen
that the degeneration process in the patellar cartilage was
not uniform.
The patellar samples showed degeneration-dependent
variation in FIND, RUS, EEQ, EDYN, PG content (as assessed
by OD) and collagen content (P< 0.05, n¼ 74e75)Fig. 3. Topographical variation of the mechanical moduli, PG content (as
troscopy) in healthy (OA grade¼ 0) patellar articular cartilage. Spatial va
The ﬁgure demonstrates properties of the degenerated cartilage (OA gr
of healthy and degenerated tissue. Based on the measured values at test s
method. The central patella is shadowed to indicate the area without origi
values of healthy and degenerated patellae overlap. This highlights the i(Table I). RUS was the only parameter that showed a statis-
tically signiﬁcant variation between the healthy samples and
samples with early degeneration (P¼ 0.01, n¼ 53),
whereas all these parameters showed variation between
the healthy and advanced degeneration groups as well as
between the early and advanced degeneration groups
(P< 0.01, n¼ 38e57).
Linear correlation analysis of the structural and composi-
tional parameters with the indentation and US parameters
revealed signiﬁcant relationships (Table II). The reference
parameters were also signiﬁcantly interrelated (Table II).
Mechanical and US indentation results were positively
correlated with EDYN [(r¼ 0.72, n¼ 73, P< 0.01, r¼ 0.70,
n¼ 73, P< 0.01, respectively; Fig. 4(a) and (b)]. Mechanical
indentation measurement showed a moderate negative cor-
relation (r¼0.42, n¼ 75, P< 0.01) with OA grade (Table
II). In site-speciﬁc analysis, the correlation coefﬁcients be-
tween the mechanical properties and OA grade varied fromsessed with OD) and collagen content (assessed with FTIRI spec-
riation was statistically signiﬁcant for these parameters (p< 0.05).
ade> 1) and the differences between the site-matched properties
ites (Fig. 1), patellar mapping is derived by using cubic interpolation
nal test sites. As the tissue properties are highly site-dependent the
mportance of site-matched reference values in clinical diagnostics.
Table I
MeanSD for measured parameters among samples divided into groups with different cartilage degeneration according to OARSI OA grade:
healthy cartilage (grade 0), early degeneration (grades 1.0e1.5), advanced degeneration (grades 2 and above). RUS was the only parameter
that showed statistically significant variation between healthy samples and samples with early degeneration
Healthy
cartilage
n=35
Early
degeneration
n=17–18
Advanced
degeneration
n=21–22
All samples
n=73–75
[—————————P<0.001———————]
[———P=0.01———]     [———P<0.001——]
2.34±0.74 1.79±0.74 0.80±0.80 1.76±1.00
EUS (MPa) 3.51±1.67 3.88±2.08 2.64±1.98 3.34±1.90
[—————————P<0.001———————]
[———P=0.004——]
FIND (N) 0.41±0.18 0.40±0.18 0.23±0.16 0.36±0.19
[————————P<0.001————————]
[——P<0.001———]
EDYN (MPa) 4.67±2.24 4.76±3.01 1.87±2.32 3.88±2.75
[————————P<0.001————————]
[——P<0.001———]
EEQ (MPa) 0.64±0.30 0.70±0.62 0.21±0.26 0.53±0.44
[————————P<0.001————————]
[——P<0.001———]
Proteoglycan content
(absorbance) 1.36±0.29 1.19±0.32 0.83±0.37 1.16±0.39
[————————P<0.001————————]
[——P<0.001———]
Collagen content
(absorbance) 0.25±0.03 0.25±0.05 0.21±0.03 0.24±0.04
RUS (   )
800 P. Kiviranta et al.: Diagnostics of cartilage degenerationinsigniﬁcant to highly signiﬁcant. In the superomedial mea-
surement site, OA grade was highly associated with EDYN
(r¼0.89, P< 0.01, n¼ 11) and EEQ (r¼0.83, P¼ 0.01,
n¼ 11). OA grade and RUS also showed signiﬁcant correla-
tion (P¼0.68, P< 0.01, n¼ 75) [Fig. 4(d)]. Further, RUS
and cartilage mechanical properties were associated (Table
II). For healthy cartilage samples the association was not sig-
niﬁcant betweenRUS andEEQ (r¼ 0.21 P¼ 0.223, n¼ 35) or
between RUS and EDYN (r¼ 0.245, P¼ 0.156, n¼ 35). RUS
and EUS results were moderately interrelated (r¼ 0.40,
P< 0.01, n¼ 75) [Fig. 4(c)].
To analyze the association of cartilage components (i.e.,
PG and collagen contents) between the different locations,Table II
Correlation coefficients between the indentation, US reflection,
structural and mechanical reference parameters among human pa-
tellar samples. Spearman’s rho was calculated for correlations
between OARSI OA grade and other parameters. For other corre-
lations, Pearson linear correlation coefficients were determined.
The diagnostic parameters, i.e. RUS, EUS and FIND, show signiﬁcant
correlation coefﬁcients with the reference measurements. The OA
grade and other reference parameters reveal negative correlation
coefﬁcients, indicating that the properties are interrelated
OA grade EDYN EEQ PG Collagen FIND EUS
RUS 0.68** 0.56** 0.46** 0.54** 0.38** 0.52** 0.40**
EUS 0.28* 0.70** 0.55** 0.33** 0.67** 0.55*
FIND 0.42** 0.72** 0.67** 0.58** 0.55**
Collagen 0.45** 0.72** 0.66** 0.57**
PG 0.60** 0.64** 0.66**
EEQ 0.55** 0.92**
EDYN 0.51**
**P< 0.01, *P< 0.05, n¼ 73e75.as well as with different groups of degeneration, the param-
eter values from each measurement site and degeneration
groups were averaged. These values were then compared
with the indentation results (Fig. 5). The dynamic compres-
sive properties of cartilage, measurable with these two in-
dentation instruments, were highly associated with the
collagen content of the samples [Fig. 5(b) and (d)], but also
the PG content of the samples was found to control these
properties [Fig. 5(a) and (c)], as shown by statistically signif-
icant positive correlations (r¼ 0.48e0.85, P< 0.05, n¼ 18).
By using a cut-off value of 0.78% for RUS, the samples
with advanced degeneration could be diagnosed with the
speciﬁcity of 0.98 and sensitivity of 0.77. When testing the
ability to discern the pooled group of early and advanced
degeneration from healthy samples, the optimal cut-off for
RUS was found to be 1.43%. With this cut-off, the speciﬁcity
was 0.94 and sensitivity 0.63. Further, EUS was able to dis-
cern the advanced degeneration group with speciﬁcity of
0.66 and sensitivity of 0.68 (cut-off limit¼ 2.9 MPa). For
FIND with cut-off of 0.24 N, the speciﬁcity was 0.77 and sen-
sitivity 0.68, respectively. When discriminating the pooled
group of early and advanced degeneration with EUS using
optimal cut-off value 2.9 MPa, speciﬁcity and sensitivity
were 0.69 and 0.55, respectively. In the analysis for me-
chanical indentation results, the corresponding values
were 0.36 N, 0.60 and 0.70, respectively.
Discussion
Earlier studies have revealed the site-dependent varia-
tion of mechanical, structural and compositional properties
of articular cartilage at different joint surfaces24,28. However,
most of these studies have typically included one sample lo-
cation from each joint surface. There are some studies that
a b
c d
Fig. 4. Scatter plots of measured diagnostic and reference parameters. Symbol color indicates the OARSI OA grade, an indicator of cartilage
integrity. (a) The high correlation between the indentation and reference EDYN results denotes the quantitative evaluation of elastic properties
of the cartilage. (b) The EUS and EDYN results correlate signiﬁcantly (P< 0.01) with each other. (c) Scatter plot of EUS and RUS results. Sam-
ples with high OA grade, indicating more advanced OA, systematically show low EUS and RUS. (d) US reﬂection (RUS) from cartilage surface
correlates signiﬁcantly (P< 0.01) with OA grade. The healthy samples typically demonstrate high US reﬂection from cartilage surface as an
indicator of smooth, intact surface.
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properties within the same cartilage surface in animals17
as well as in humans26. In the present study, we investi-
gated several anatomical locations of human patellar carti-
lage to more precisely understand adaptation of tissue
properties within healthy patellae. Further, we analyzed
patellae with signs of spontaneous degeneration to reveal
any possible site-dependent systematics in the degenera-
tion pattern. Our results conﬁrm that the mechanical proper-
ties and PG and collagen contents of healthy cartilage show
a signiﬁcant site-dependent variation. The results suggest
that healthy cartilage in the central patellar surface is softer
than elsewhere in the patella, which can be partially ac-
counted for by the differences in contents of cartilage com-
ponents (Fig. 3). When interpreting the results presented in
Fig. 3, it is important to notice that the ﬁgure is constructed
based on averaged values on the measurement points. Due
to strong curvature of patellar surface at the central crest
region, no measurements were carried out in this area. Nev-
ertheless, the degenerative process seems to affect differ-
ent cartilage regions unevenly. Importantly, it was seen
that the values of the mechanical properties of degenerated
cartilage at one site could reach equally high or even higher
levels as those of healthy cartilage at neighboring sites.
Due to the signiﬁcant topographical variation of normal
cartilage stiffness, the strength of correlation between in-
dentation results and OA grade was relatively low. Within
individual test sites, the associations between themechanical parameters and OA grade were higher. Our re-
sults suggest that in order to detect initial loss of stiffness,
the indentation results need to be compared with the prop-
erties of accurately site-matched normal cartilage. Degener-
ated samples from generally stiffer areas might have higher
stiffness than healthy cartilage at another location where
the adaptive processes have composed cartilage with typi-
cally lower stiffness. It is likely that most point-like measure-
ment techniques aiming to diagnose changes in cartilage
integrity may face the same need for the site-speciﬁc infor-
mation about healthy cartilage properties. Moreover, accu-
rate comparison with site-matched reference maps would
be challenging. Therefore, it should be highlighted that the
effects of spatial variation must be taken into account before
reliable diagnostics can be performed.
According to the OARSI OA-grading system, healthy
cartilage surfaces have been described to be smooth6.
US reﬂection coefﬁcient from cartilage surface is strongly
related to cartilage surface smoothness and the degree of
ﬁbrillation27,38,39. According to present results, there is no
signiﬁcant spatial variation in RUS of healthy cartilage and
thereby no site-matched reference values are needed for
comparison when diagnosing early surface ﬁbrillation at
the joint surface. The strong correlation between the OA
grade and RUS suggests that the progressive surface ﬁbril-
lation can be quantiﬁed with RUS [Fig. 4(d)]. In addition, the
changes in articular cartilage surface seem to associate
with other degenerative processes within cartilage matrix,
a b
c d
Fig. 5. The parameters from healthy samples and samples with early and advanced degenerations have been averaged in each measurement
site and plotted on a scatter plot. The strong association between dynamic properties of cartilage and collagen content is demonstrated by
signiﬁcant linear positive correlations. Correlations between the dynamic modulus measured with the US indentation device (EUS) and (a)
PG content (assessed with OD) and (b) collagen content (as assessed with FTIRI spectroscopy) are signiﬁcantly (P< 0.05) interrelated. Sim-
ilar, strong positive correlations are also demonstrated between the indentation results from mechanical indentation device, (c) PG and (d)
collagen contents.
802 P. Kiviranta et al.: Diagnostics of cartilage degenerationas indicated by signiﬁcant linear correlations between the
OARSI OA grade and other histological parameters. Impor-
tantly, the parameter RUS was able to effectively discern the
healthy samples from the degenerated ones.
US reﬂection at cartilage surface and cartilage mechani-
cal properties are not directly linked29. However, it has been
suggested that it is possible to indirectly predict mechanical
properties of articular cartilage by determination of US
reﬂection from cartilage surface40. In this study, RUS and
mechanical properties of cartilage were interrelated. How-
ever, this association was lost when only healthy samples
were included in the analysis. Most likely, the association
between US reﬂection and mechanical properties is related
to the OA process that is known to affect both the superﬁcial
and internal cartilage structure and mechanical properties1.
Taken together, the primary determinant of RUS is only the
integrity and composition of the cartilage surface.
In the present study, the US indentation device enabled di-
rect measurement of the cartilage dynamic modulus. Statis-
tically signiﬁcant linear correlation with the reference
dynamic modulus indicated good agreement between USindentation and reference measurements [Fig. 4(b)]. The
slight differences in the absolute values of EUS and EDYN
are explained by different measurement geometries (inden-
tation vs unconﬁned compression)41. The US instrument
allows themeasurement of two parameters that reﬂect differ-
ent properties of articular cartilage and different stages of the
OA process. Earlier, US reﬂection and stiffness parameters
were found to be complementary to each other as, after spe-
ciﬁc enzymatic treatment, combination of EUS and RUS mea-
surements discerned PG depletion and collagen disruption
from each other18. Collagen is the primary source of back-
scatter of US in cartilage, while PGs have negligible effect
on it29. During spontaneous cartilage degeneration both soft-
ening and ﬁbrillation of cartilage tissue take place (Table I);
however, the surface ﬁbrillation detected by RUS may be
the ﬁrst detectable change. We believe that the direct mea-
surement of tissue stiffness is especially useful when as-
sessing the results of cartilage repair. For these reasons,
this non-destructive technique, when applied arthroscopi-
cally, would be feasible for both arthroscopic diagnostics of
OA as well as for monitoring the results of cartilage repair.
803Osteoarthritis and Cartilage Vol. 16, No. 7In this study, only patellar cartilage was analyzed. How-
ever, the present indentation techniques have been utilized
in various joint surfaces in earlier animal studies. This study
was the ﬁrst to report US indentation results for human ar-
ticular cartilage. Generally, the arthroscopic approach sets
some limitations for the application of this measurement
procedure, however, the measurements with both US and
mechanical indentation instruments may be performed dur-
ing arthroscopic surgery for most joint surfaces in the knee.
It remains to be seen whether the conformities revealed in
this study apply also to other joint surfaces, i.e., does
healthy human cartilage have universal US reﬂection coef-
ﬁcients in all joint surfaces. The presented cut-off values for
detection of OA changes for RUS may be different in other
joint surfaces, as suggested by the values in a previous
animal study38. The presented cut-off values have been cal-
culated from measurement results from patellar cartilage,
however, more human data for mechanical parameters on
other joint surfaces are needed to determine if the same
values can be used on other joint surfaces.
In conclusion, the results of the present study conﬁrm that
the indentation techniques enable quantitative evaluation of
cartilage degeneration. Surface changes, detectable with
US measurement, seem to represent the very earliest de-
generative changes that cannot be detected by composi-
tional analyses. As the US reﬂection from cartilage
surface showed no site-dependent variation in healthy
human patella, this measurement may bring about straight-
forward quantitative evaluation of the integrity of wide areas
at articular surfaces. The site-dependent variability in the
mechanical properties of patellar cartilage emphasizes the
need for determination of site-matched reference values
for comparison. The presented methods provide clinically
applicable methods to detect sensitively early degenerative
changes. In general, the signiﬁcance of possible site-
dependent variation in other parameters intended for OA di-
agnostics should be investigated. Obviously, a reproducible
localization of any point-like measurement technique may
be a challenge during in vivo arthroscopy. Moreover, a clin-
ical follow-up study would be needed to ﬁnd out, which of
the early degenerative changes are most sensitive to pre-
dict closely the forthcoming clinical OA.
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